Results are reported on measurements of diffractive cross sections in deep-inelastic scattering (DIS) and photoproduction at HERA. The cross sections are compared for processes with a leading proton in the final state and with a large gap in the rapidity distribution of the final state hadrons. The cross section dependences on the proton fractional longitudinal momentum loss x I P and the squared four-momentum transfer at the proton vertex t are interpreted in terms of an effective pomeron trajectory and a sub-leading exchange. The hypothesis of proton vertex factorisation is tested. The longitudinal structure function is extracted from the diffractive cross sections measured at different proton beam energies. The cross sections of diffractive dijet production are compared with QCD predictions at next-to-leading order (NLO) based on parton distribution functions obtained from diffractive inclusive DIS data. Combined NLO QCD fits to the inclusive and dijet DIS data are performed to determine diffractive quark singlet and gluon densities with a better precision. The ratio of the diffractive dijet cross sections in photoproduction and DIS is compared with NLO QCD predictions to test QCD collinear factorisation.
Introduction
Diffractive processes such as ep → eX p have been studied extensively in deep-inelastic electron-proton scattering (DIS) at the HERA collider [1, 2, 3, 4, 5, 6] . Their understanding at fundamental level is crucial for the development of quantum chromodynamics (QCD) at high energies.
The photon virtuality Q 2 provides a hard scale for perturbative QCD to be applicable, so that diffractive DIS events can be viewed as processes in which the photon probes a net colour singlet combination of exchanged partons. The structure of the colour singlet can be studied using a QCD approach based on the hard scattering collinear factorisation theorem [7] . It states that at fixed x I P , the proton fractional longitudinal momentum loss, and t, the squared fourmomentum transfer at the proton vertex, the diffractive cross section is a product of diffractive proton parton distribution functions f D i and partonic hard scattering cross sections σ γ * i :
where f D i are universal for diffractive ep DIS processes (inclusive, dijet and charm production) and obey the DGLAP evolution equations and σ γ * i are the same as for inclusive DIS. This approach allows us to test the diffractive exchange within the perturbative QCD framework and extract 'diffractive parton distribution functions' (DPDFs). The DPDFs can be applied to the analysis of boson-gluon fusion processes of dijet and charm production, where p T of jets and mass of the charm quark provide hard scales and enable perturbative QCD to be applied to the data. These processes are directly sensitive to the gluon density in the colour singlet.
Within Regge phenomenology, diffractive cross sections at low x I P are described by the exchange of a pomeron (I P) trajectory. Diffractive DIS cross sections measured at HERA are interpreted in a combined framework, which applies the QCD factorisation theorem to the x and Q 2 dependence and uses a Regge inspired approach to express the dependence on the variables x I P and t, which characterise the process in the proton vertex ( Fig. 1) [8, 9] . In this framework the data at low x I P are well described and DPDFs and a pomeron trajectory intercept are extracted.
In order to describe the data at larger x I P , it is necessary to include a sub-leading exchange trajectory (I R), which is consistent with the approximately degenerate trajectories associated with the exchange of ρ, ω, a 2 and f 2 mesons.
Selection of diffraction at HERA
In a number of analyses, including recent [1] and [5] , diffractive DIS events were selected on the basis of the presence of a large rapidity gap (LRG) between the leading proton and the remainder of the hadronic final state X (Fig. 1 ). In another approach, not considered here, the inclusive DIS sample is decomposed into diffractive and non-diffractive contributions based on their characteristic dependences on the hadronic mass M x [6] . A complementary way to study diffractive processes is by the direct measurement of the outgoing proton using Forward Proton Spectrometers (FPS) [2, 3, 4, 5] . The FPS method selects events in which the proton scatters elastically, whereas the LRG method does not distinguish the elastic case from dissociation to excited systems Y with small masses M Y . The advantage of the LRG method is that it provides much higher statistics of data than the FPS detectors which have small acceptance. A Very Forward Proton Spectrometer (VFPS), which was operational in the H1 experiment at HERA-2, has much higher acceptance and provide high statistics data [20] .
In contrast to the LRG case, the squared fourmomentum transfer at the proton vertex t can be reconstructed using the FPS method. The FPS also allows measurements up to higher values of the proton fractional longitudinal momentum loss x I P than is possible with the LRG method, extending into regions where the sub-leading trajectory is the dominant exchange.
The FPS measurements provide a means of testing in detail whether the variables x I P and t associated with the proton vertex can be factorised from the the variables β = x/x I P and Q 2 describing the hard interaction with the photon. Here β is the longitudinal momentum fraction of the colour singlet carried by the struck quark, x is the Bjorken scaling variable.
The LRG and FPS methods have different systematic uncertainties. The main systematic uncertainties of the LRG method are related to the missing proton and the efficiency of the LRG selection. The LRG data are integrated over |t| < 1 GeV 2 and proton dissociative states with low masses M Y . The FPS systematic uncertainties are dominated by the uncertainties of the HERA beam optics and the position of the detectors relative to the proton beam. The two methods are compared in the H1 and ZEUS publications [3, 5] . The results of the methods are consistent up to the normalisation factor. The LRG events contain about 20% of the proton dissociation contribution, but the ratio of the LRG to FPS cross sections indicates no significant dependence on Q 2 , β or x I P . The ratio of the LRG to FPS cross sections measured in the H1 experiment as a function of Q 2 , β and x I P for |t| < 1 GeV 2 is shown in Fig. 2 . 
H1
Figure 2: The ratio of the diffractive reduced cross sections measured by H1 with the LRG and FPS methods, shown as a function of Q 2 , β and x I P for |t| < 1 GeV 2 .
The reduced cross section σ

D(4) r and test of proton vertex factorisation
A new measurement of the reduced cross section σ
2 , x I P , t) for the diffractive DIS process ep → eX p is performed by the H1 Collaboration, using the FPS data collected at HERA-2 [3] . The reduced cross section is related to the diffractive structure functions F
where Y + = 1 + (1 − y) 2 and y is the inelasticity of the process. The reduced cross section is equal to the diffractive structure function F D(4) 2 (β, Q 2 , x I P , t) to good approximation in the relatively low y region covered by the current analysis. The analysed data sample corresponds to an integrated luminosity of 156 pb −1 . The data cover the range 0.1 < |t| < 0.7 GeV 2 , x I P < 0.1 and 4 < Q 2 < 110 GeV 2 . The statistics of DIS events with a leading proton are increased by a factor 20 compared to the previous H1 FPS analysis [2] . The kinematic range of the FPS measurement is extended to higher Q 2 . Fig. 4 [5] . The ZEUS results are shown in Fig. 3 .
To describe the x I P and t dependences quantitatively, the structure function F D (4) 2 is parameterised by the form
which assumes a separate proton vertex factorisation of the x I P and t dependences from those on β and Q 2 for both the pomeron and a sub-leading exchange [10] . The factors f I P and f I R correspond to flux factors for the exchanges and are taken from the Regge-motivated functions. The results of the Regge analysis are the intercept and slope of the pomeron trajectory, α I P (t) = α I P (0) + α I P t and the exponential t-slope parameter B I P . The normalisation coefficients F I R (β, Q 2 ) for the subleading exchange in each β and Q 2 bin are taken from a parameterisation of the pion structure function [13] . The fit provides a good description of the x I P and t dependences of the data. The result for the intercept α I P (0) 1.10 obtained using the H1 and ZEUS Proton Spectrometers is compatible with that obtained from the data measured using the LRG method [1, 5] . It is also consistent within uncertainties with the pomeron intercept describing soft hadronic scattering, α I P (0) 1.08 [11, 12] . In a Regge approach with a single linear exchanged pomeron trajectory, α I P (t) = α I P (0) + α I P t, the exponential t-slope parameter B of the diffractive cross section is expected to decrease logarithmically with increasing x I P , an effect which is often referred to as 'shrinkage' of the diffractive peak. The degree of shrinkage depends on the slope of the pomeron trajectory, which is α I P 0.25 GeV −2 for soft hadron-hadron scattering at high energies. The H1 and ZEUS data favour a small value of α I P < 0.1, as expected in perturbative models of the pomeron [14] . This result is inconsistent with the expected value of α I P from soft hadronhadron scattering. To check a possible breakdown of proton vertex factorisation implied by a dependence of the α I P (0), α I P and B I P on Q 2 , a modified version of [3] , including both pomeron (I P) and sub-leading (I R) trajectory exchange. The previously published H1 [2] and ZEUS results [4, 5] are also shown.
At low x I P , the H1 data are compatible with a constant slope parameter, B 6 GeV −2 . No significant Q 2 or β dependence of the slope parameter B is observed for the data points with x I P ≤ 0.025. A weak decrease of the slope B from 6 GeV −2 to below 5 GeV −2 is observed towards larger values of x I P > 0.05, where the contribution from the sub-leading exchange is significant. The recent ZEUS measurement gives B 7 GeV −2 which is found to be independent of x I P , Q 2 or M x [5] . The measured value of B is larger than that from 'hard' exclusive vector meson production (ep → eV p) [15, 16] . The results of the recent H1 and ZEUS measurements are not consistent at large x I P indicating that the systematic uncertainties are underestimated.
In general, the inclusive diffractive data are consistent with 'proton vertex' factorisation [10] , whereby the dependences on the variables x I P , t and M Y describing the proton vertex are independent of the variables β and Q 2 , which describe the hard interaction with the photon. The dependences on x I P and t can then be expressed in terms of an 'effective pomeron flux' of colourless exchange, whilst the β and Q 2 dependences can be interpreted in terms of DPDFs, which describe the partonic structure of that exchange [7] . 
Comparison and combination of diffractive DIS cross sections
The cross sections for diffractive DIS measured using the H1 and ZEUS Proton Spectrometers in the range 0.09 < |t| < 0.55 GeV 2 are found to be in agreement within the experimental uncertainties. A compilation of the results of the two experiments is presented in Fig. 8 . The H1 and ZEUS cross sections are combined [17] as it is shown in 9. Correlations of systematic uncertainties are taken into account by the combination method [18] , resulting in an improved precision of the combined cross section. The kinematic range of the combined result is extended in x I P and Q 2 compared to that for one experiment.
The H1 and ZEUS Proton Spectrometers select diffractive events over a wide range of x I P < 0.1, but with limited acceptance. The H1 Very Forward Proton Spectrometer (VFPS), which was operational at HERA-2, has much larger acceptance extending to t = 0 over a restricted range of 0.01 ≤ x I P ≤ 0.025. The first VFPS data on inclusive diffractive DIS based on an integrated luminosity of ∼ 100pb −1 are released as a preliminary result [20] . The VFPS data agree well with the recent H1 results obtained using the FPS and LRG methods (Fig.10) . The finalised VFPS data are expected to provide the best point-to-point precision in the measured x I P range. integrated over |t| < 1 GeV 2 is measured differentially in β, Q 2 and x I P using the LRG method. The precision achieved using the LRG method is illustrated in Fig. 11 , which compares combined H1 data [19] based on a luminosity of 370 pb −1 with previously published ZEUS data [5] . The data are in general agreement up to a global factor of ∼ 13%, which is at the level expected from normalisation uncertainties. In a limited range at high β and low x I P the H1 and ZEUS results are inconsistent indicating underestimated systematic uncertainties. 
QCD analysis of σ
Parameterising f I P/p (x I P , t) using a Regge approach, the β and Q 2 dependences of f i are subjected to a perturbative QCD analysis based on the DGLAP equations in order to obtain DPDFs. The quark singlet density is very closely related to the measured diffractive cross section and is thus well constrained. According to the DGLAP evolution equations, the ln Q 2 derivative contains contributions due to the splittings g →and q → qg, convoluted with the diffractive gluon and quark densities, respectively. The derivative is determined almost entirely by the diffractive gluon density. The strong positive ln Q 2 derivatives (scaling violations) for most β values in Fig. 11 imply large gluonic contribution to the DPDFs. At high β, the contribution to the Q 2 evolution from quark splittings q → qg becomes increasingly important and the derivatives become less sensitive to the gluon density. The DPDFs extracted from the QCD analysis of inclusive diffractive DIS provide important input to final state measurements such as dijet production in DIS [8, 9] , which may also provide important additional constraints on the gluon at high fractional momenta. Being dominated by the boson-gluon fusion process γ * g →shown in Fig.12 , the dijet DIS data are directly sensitive to the diffractive gluon density, in contrast to σ [8] . The heavy flavours are treated within the general mass variable flavour number scheme [22] , whereas H1 used a fixed flavour number scheme. The results of the H1 analysis are presented in Fig. 15 , where the error bars include experimental as well as scale uncertainties. Integrated over β, the gluon density, extracted in the QCD analysis of the ZEUS diffractive DIS data, carries around 60% of the total momentum. The QCD analysis of the H1 diffractive DIS data gives a somewhat higher gluon momentum fraction of 70%, independently of Q 2 . The results of the H1 and ZEUS Col- laborations are shown in Fig.16 . A similar fraction of the total proton momentum is carried by the inclusive gluon density in the low x region where valence quark effects are small [21] . This similarity of the ratio of quarks to gluons in the DPDFs and the inclusive proton parton densities is reflected in a ratio of the two cross sections which, to good approximation, is flat as a function of Q 2 at fixed x and x I P [1, 3] . DPDFs predictions from the NLO QCD fits are compared in Fig.17 with the diffractive reduced cross sections measured by ZEUS using the LRG method. For Q 2 < 5GeV 2 in the ZEUS case and for Q 2 < 8.5GeV
2 in the H1 case, the fits are extrapolated. The normalisation of the ZEUS parameterisation is above that of H1. The H1 DPDFs predict a somewhat stronger Q 2 dependence of the cross section at large β where the predictions are extrapolated. The DPDF results reflect the degree of consistency in the shape and normalisation between the H1 and ZEUS diffractive DIS data. In recent H1 analyses, dijets are selected in events with a leading proton tagged in the FPS and VFPS [23, 24] , allowing new regions of phase space to be explored in which there are jets in rapidity beyond the LRG range. These selections may enhance 'hard' pomeron contributions [26] , where all of the exchanged momentum enters the hard scattering (z I P 1) and the jets are produced exclusively. However, these data are well described by NLO DPDF predictions as it is illustrated in Fig.18 , suggesting that the 'hard' pomeron contribution has a relatively small cross section. DPDF predictions at leading order (LO), also shown in Fig.18 , underestimate the cross sections by a factor of ∼ 2. The measured dijet cross sections for two dijet event topologies are compared in Fig. 19 with Monte Carlo models based on leading order matrix elements and parton showers. The resolved pomeron model [10] based on proton vertex factorisation and the DPDF set H1 2006 Fit B [1] describes the shape of the cross sections well, but the normalisation of the cross sections is too low. This suggests that contributions from higher order processes are important in order to describe the measured dijet cross sections. The SCI+GAL model based on soft colour interactions of final state partons [25] is able to reproduce the normalisation of the cross section for both dijet topologies presented after tuning the probability of soft colour interactions. The dependence of the diffractive dijet cross section on x I P and z I P is able to distinguish between the models. The SCI+GAL model and 'hard' two gluon pomeron model [26] fail to describe the shape of the distributions of the diffractive variables, while the resolved pomeron model describes the shape of these distributions well.
Diffractive dijets in photoproduction
Measurements of diffractive dijet photoproduction provide tests of QCD factorisation and DPDFs extracted in diffractive DIS and allow us to estimate 'absorptive' effects of multiple interactions which occur in the presence of the beam remnants. In dijet photoproduction the hard scale is defined by E T , the transverse energy of jets, because Q 2 ∼ 0. QCD collinear factorisation is expected to be valid in direct processes with point-like photon, but broken in processes with resolved photon, where the photon interacts via its partonic structure and secondary interactions between photon and proton remnants fill rapidity gap [28] . The two processes can be separated using a variable x γ , which corresponds to the longitudinal momentum fraction of the photon entering the hard sub-process. Resolved photon processes correspond to x γ < 1, whereas direct photon processes to x γ 1. Resolved and direct photon processes of dijet production are illustrated in Fig.20 . Fig. 21 and 22 show the ratio of the dijet photoproduction cross section of ZEUS and H1 to the NLO calculations. The resent H1 data [27] suggest a suppression of the photoproduction data by a factor 0.6 ± 0.2 relative to NLO QCD predictions, with no significant difference between resolved and direct processes. The ZEUS results for larger jet transverse energies [9] suggest no suppression, but also do not show the expected difference between resolved and direct photon enhanced samples. A possible explanation for the apparent discrepancy between the two experi-ments is a rising dependence of the data-to-theory ratio on the jet transverse energy. The ZEUS measurement is performed for E jet T > 7.5 GeV, whereas H1 measured for E jet T > 5 GeV. In contrast to theoretical expectations [28, 29] , the ratios of the data to theory measured by both collaborations have at most a weak dependence on x γ . These issues are partially resolved by recent predictions in which a more detailed treatment of point-like photon structure is introduced [30] . The data are combined with the previously published measurement at 820 GeV [1] . A linear fit is performed to the reduced cross section as a function is based on colour dipole approach and which includes a higher twist contribution at high β [31] . 
Conclusions
Results on the diffractive cross sections in DIS are in general agreement for the H1 and ZEUS experiments and for the two methods of the diffractive event selection. The cross sections for processes with a leading proton in the final state and with a large gap in the rapidity distribution of the final state hadrons are consistent after applying the correction for the proton dissociation contribution in the later process. The first combination of the leading proton cross sections measured by the H1 and ZEUS Collaborations improves the precision of the measurement. The H1 and ZEUS data support the hypothesis of proton vertex factorisation which states that the cross section dependences on the variables which describe soft process at the proton vertex are independent of hard scattering process at the photon vertex. The PDF structure of the diffractive exchange is studied in NLO DGLAP analyses of diffractive DIS data. The diffractive PDFs are dominated by a hard gluon density, which successfully describes hard dijet final states in diffractive DIS and the longitudinal diffractive structure function, F D L . The rapidity gap survival probability derived from predictions of the NLO diffractive parton densities for hard dijet photoproduction data are similar for direct and resolved photon interactions. The suppression factor for dijet photoproduction is found to be around 0.6 from the H1 data, whereas the cross sections measured by ZEUS for larger jet transverse energies suggest no suppression.
